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PREFACE

The original version of this text was presented as part of a course taught at
the session of the U. S: Particle Accelerator School held at Florida State
University in January, 1993. Upon completion of the USPAS school, the
notes were further refined and presented informally as a course at Fermilab
in the Spring of 1993. Following this second presentation of the course,
the materials were improved by taking into account the many suggestions of
course participants. This third revision was prepared after the course was
presented in depth at Fermilab in the autumn of 1994, at the U. S. Particle
Accelerator School at Duke University in January 1995, and at the Health
Physics Society Meeting in Boston in July 1995. This text represents a
compilation of the work of many, many people and it is hoped that the
reference citations leads the reader to those individuals who have developed
this field of applied physics. The problems supplied with each chapter were
developed with the goal of promoting better understanding of the text.
Solutions to all of the problems are available by contacting the author.
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Chapter 1 Composition of Accelerator Radiation Fields

In this chapter, terminology, physical and radiological quantities, and units of measurement used
to describe the properties of accelerator radiation fields are reviewed. The general considerations
of primary radiation fields pertinent to accelerators are discussed. The primary radiation fields
produced by electron beams are described qualitatively and quantitatively. In the same manner
the primary radiation fields produced by proton and ion beams are described.

L Review of Units and Terminology and Physical Constants and Properties
Radiological Uni

In this section common units and terminology used in accelerator radiation protection are
described or defined.

energy: The unit of energy in common use when dealing with energetic particles is the electron
volt (eV) 1eV=1.602 X 10-12 ergs or 1.602 X 10-19 Joule; multiples in common use at
accelerators are the keV (103 eV), MeV (106 eV), GeV(109 eV), and TeV (1012 eV)

absorbed dose: The energy absorbed per unit mass of material. It is usually denoted by the
symbol "D". The customary unit of absorbed dose is the rad while the Systéme
Internationale (SI) unit of absorbed dose is the Gray:

1 rad = 100 ergs/gram = 6.24 X 1013 eV/gm
1 Gray (Gy) = 1 Jkg = 100 rads = 6.24 X 1015 eV/gm.

dose equivalent: This quantity has the same dimensions as absorbed dose. It is used to take into
account the fact that different particle types have biological effects which are enhanced,
per given absorbed dose, over those due to 200 keV photons (a "standard” reference
particle). It is usually denoted by the symbol "H".

quality factor: This factor takes into account the relative enhancement in biological effects of
various types of ionizing radiation. It is usually denoted by Q, and is used to obtain H
from D through the following equation:

H=QD. (1.1

Q is dependent on both particle type and energy and, thus, for any radiation field its value
is an average over all components. It is specifically defined to be equal to unity for 200
keV photons. Q ranges from unity for photons electrons, and high energy muons to a
value as high as 20 for a—particles (4He nuclei) of a few MeV in energy. For neutrons,
Q ranges from 2 to greater than 10, although recent guidance by the International Council
on Radiation Protection (ICRP) and the U. S. National Council on Radiation Protection
and Measurements (NCRP) recommends that Q be increased by a factor of 2 for
neutrons. [Values have been proposed for photons and electrons that differ from unity!]

Q is presently defined to be a function of linear energy transfer (LET), L, which,
crudely, is equivalent to stopping power, or rate of energy loss for charged particies
(conventionally, in units of keV/micron). [All ionizing radiation ultimately manifests
itself through charged particles so that LET is a "universal” parameterization of localized
radiation damage.]
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Chapter 1

Composition of Accelerator Radiation Fields

Quality Factor Relationship Graphs Taken from (Sw79)
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Fig. 1.1 Quality Factor, Q, of charged particles as a function of collision
stopping power (LET..) in water as recommended by ICRP
[Reproduced from (Pa73) and (1C73)).
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Fig. 1.2 Quality factors of charged particles as a function of energy, as

recommended by ICRP. [Reproduced from (Pa73) and (IC73)].
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Chapter 1 Composition of Accelerator Radiation Fields
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Fig. 1.3 Effective quality factor, Q, for neutrons as a function of neutron
kinetic energy: the maximum dose equivalent divided by the
absorbed dose where the maximum dose equivalent occurs. The
curve indicates values recommended by ICRP. [Reproduced from
(Pa73) and (IC73).]

Most commonly, the "quality factor” actually used is an average over the spectrum of
LET present:

<Q>= fo B Q(L)D(L)dL/ f: D(L)dL. (1.2)

Thus, H (rem) = QD when D is in rads (customary) and H (Sievert (Sv)) = QD when D is
in Gy (SI). Figures 1.1, 1.2, and 1.3 from (Sw79) give the relationship between Q and
LET and also between Q and particle energy for a variety of particles.

flux density-The number of particles that traverse a unit area in unit time, generally denoted by
the symbol "¢",
2
dn
=— 1.3
¢ dAdt (1-3)

where d2n is the differential number of particles traversing surface area element dA
during time dt. For radiation fields where the constituent particles move in a multitude of
directions, ¢ is determined from the number of transversals of a sphere of revolution of a
small element of circular area dA.
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Chapter 1 Composition of Accelerator Radiation Fields

fluence, denoted by ®, is simply the integral over some time interval of the flux density,

®= f ' pdt. (1.4)
4

The units of flux density are cm-2s'! (customary) and m-2s-1 (SI) while the units of
fluence are, of course, inverse area without the units of inverse time. Beware! Other
units of time such as hours, minutes, days, years, etc cm-2 and m-2 are routinely used in
the literature of radiation protection.

fluence or flux density-to-dose (or dose equivalent) conversion factors - Such factors have
been derived through complex calculations supported in a limited way by measurements.
These calculations also include effects due to the finite thicknesses of the material of
reference (usually "tissue") and include secondary effects. Figures 1.4, 1.5, 1.6, and 1.7
give some graphs of typical fluence or flux density to dose equivalent conversion factors.
Figures 1.4, 1.5, and 1.7 are taken from (Pa73) while Fig. 1.6 is taken from (Sw79).

For a radiation field containing a mixture of n different components (e.g., different
particle types), one determines the dose equivalent, H, from:

= Emax
H= 2 fE  P(E)D,(EXE (1.5)

i=1

where @j(E) is the fluence of particles of type i with energy between E and dE and Pj(E)
is a parameter that converts fluence to dose equivalent.

The cross section 1is an extremely important physical concept in describing particle interactions.
The cross section represents the "size" of the atom or nucleus for some particular
interaction. Consider a beam of particles of fluence ® (particles/cmz) incident on a thin
slab of absorber of thickness dx. The absorbing medium will contain N atoms/cm3. The
number of incident particles which interact, d®, will be given by:

-dd = oN®dx (1.6)

where o is the cross section in units of cm2. But, N = pNa/A, where p is the density
(g/cm3), N is Avagadro's number (6.02 X 1023 mol-!) and A is the atomic weight.
Cross sections are often given in units of barns where 1 barn = 10-24 cm2. If only one
interaction is present with no other processes operative, this integrates, after some
distance x (e.g., in cm), to:

®(x) = B(0)e-NOX, (1.7)
Thus, the linear absorption coefficient, |1, and its reciprocal, the attenuation length, A,
are given by:
p=No(cm'l) and A=1/No (cm) (1.8)

Sometimes the mass attenuation length, A =p/No (g/cm2) is used where p is the density
in g/cm3. In the literature, the symbols are, unfortunately, often "confused" and one has
to be careful to understand the particular definition of "A" involved.
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Chapter 1 Composition of Accelerator Radiation Fields

Flux Density to Dose Conversion Factors
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Fig. 14 Conversion factors for flux density to dose-equivalent rate for electrons.
[Reproduced from (Pa73) and references cited therein.]
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Chapter 1 Composition of Accelerator Radiation Fields

CONVERSION FACTOR (neutrons-cm™%s™ per mrem-h~')

Flux Density to Dose Conversion Factors
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The curves indicate the values recommended by ICRP.
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Chapter 1  Composition of Accelerator Radiation Fields

Physi ic and Nuclear Properti

Tables 1.1 and 1.2 give physical constants and atomic and nuclear properties taken from (PR92).
A number of these constants and properties will be used throughout the rest of this text. and in

the solutions of the problems.
II. Summary of relativistic relationships

The rest energy, Wy, of a particle of rest mass my, is given by,

W, = mgc? (1.9)
where c is the velocity of light.

The total energy in free space, W, is then given by
W = mc2 = mye2(1-p2)-12, (1.10)

where B = v/c and v is the velocity of the particle in a given frame of reference.

The relativistic mass, m, of a particle moving at B is another name for the total energy and is
given by

1

1 2= 2
’__l-Bzmoc = ym,c (1.11)

The kinetic energy, E, is then;

mc? =

E=W-Wy=(m-mg}2 and (1.12)

oy [T

The momentum, p, of a particle is

p=mv =mpc = (1/)W2 - W2 = L/[EE +2W )], (1.14)
so that at high energies, p = E/c = W/c.

It is usually most convenient to work in a system of units where energy is in units of eV, MeV,
etc., velocities are expressed in units of the speed of light (f3), momenta are expressed as energ
divided by ¢ (e.g., MeV/c, etc.), and masses are expressed as energy divided by c? (e.g.. MeV/ic?,
etc.).
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Chapter 1

Composition of Accelerator Radiation Fields

Table 1.1

Physical Constants [Reproduced from (PR92)]

Reviewed 1991 by B.N. Taylor. Based mainly on the “1986 Adjustment of the Fundamental Physical Constants” by E.R. Cohen and
B.N. Taylor. Rev. Mod. Phys. 59, 1121 (1987). The figures in parentheses after the values give the 1-standard-deviation uncertainties in the last
digits; the uncertainties in parts per million (ppm) are given in the last column. The uncertainties of the values from a least-aquares adjustment
are in general correlated. and the laws of error propagation must be used in calculating additional quantities; the full variance matrix is given in
the cited paper. The set of constants resulting from the 1986 adjustment has been recommended for international use by CODATA (Committee
on Data for Science and Technology).

Since the 1986 adjustment. new experiments have yielded improved values for a number of constants, including the Rydberg constant Re, the
Planck constant A, the fine-structure constant a. and the molar gas constant R, and hence also for constants directly derived from these, such as
the Boltzmann constant k and Stefan-Boltzmann constant ¢. The new results and their impact oo the 1986 recommended values are discussed
extensively in “Recommended Values of the Fundamental Physical Constants: A Status Report,” B.N. Taylor and E.R. Cohen, J. Res. Natl.
Inst. Stand. Technol. 95, 497 (1990). In general, the new results give uncertainties for the affected counstanta that are 5 to 7 times smaller than
the 1986 uncertainties, but the changes in the values themselves are smaller than twice the 1986 uncertainties. Until there are more experiments
and a complete readjustment of the constants, the 1986 CODATA set, given (in part) below. remains the set of choice.

Quantity Symbol, equation Value Uncert. {ppm)
speed of light c 299 792 458 m s~! (exact;*
Planck constant h 6.626 075 5(40)x 10~ J 5 0.60
Planck constant, reduced A=h/2x 1.054 572 66(63)x10™* I s 0.60

= 6.582 122 0{20)x 10" 22 MeV s 030
electron charge magnitude e 1.602 177 33(49)x 16719 C = 4.803 208 8(15)x107 ¥ esu  0.30. 0.03
conversion constant he 197.327 053(59) MeV fm 0.30
conversion constant (he)? 0.389 379 66(23) GeV? mbarn 059
electron mass m, 0.510 999 06(15) MeV/c? = 9.109 389 7(54)x10™3 kg 0.30, 0.59
proton mass mp 938.272 31(28) MeV/c? = 1.672 623 1(10)x 10~%7 kg 0.30, 0.59

= 1.007 276 470(12) u = 1836.152 701(37) m, 0.012. 0.020
deuteron mass my 1875.613 39(57) MeV/c3 0.30
unified atomic mass unit {u) (mass C12 atom)/12 = (1 g)/ N4 931.494 32(28) MeV/c? = 1.660 540 2(10)x10~%" kg 0.30. 0.59
permittivity of free space 0 8.854 187 817 ... x10~ 12 F p~! rexact)
permeability of free space m } cono = 1/ 47 x 10°T N A% = 12,566 370 614 ... x10~7 N A~? ‘exact)
fine structure constant a = 2 /drephe 1/137.035 989 5(61)" 0045
classical electron radius ro = e2/4axegmec? 2.817 940 92(38)x10" 5 m 0.13
electron Compton wavelength X, = h/mec =rea™} 3.861 593 23(35)x10" ¥ m 5.189
Bohr radius (Myycieus = ) G = 47eghl/mee? = rea? 0.529 177 249(24)x10"¥% m 0.045
wavelength of 1 eV/c particle  hc/e - 1.239 842 4(37)x10™% m 030
Rydberg energy heRog = meet/2(4xep)? A% = mec?a?/2 13.605 698 1(40) eV 030
Thomson croes section or = 8xr3/3 0.665 246 16(18) barn 027
Bohr magneton ug =eh/2me " 5.788 382 63(52)x107 !} MeV T! 0089
nuclear magneton un = ehj2m, 3.152 451 66(28)x 104 MeV T~} 0.089
electron cyclotron freq./field  wf, /B =¢/m. 1.758 819 62(53)x 10! rad s~! T~! 0.30
proton cyclotron freq./feld “’gycl/ =e/my 9.578 830 9{29)x 107 rad s~ T! 0.30
gravitational constant Gwn 6.672 59(85)x 10~ ! m3 kg1 ¢~2 128

= 6.707 11(86)x1073? Ac (GeV/2)~2 128
standard grav. accel., sea level g 9.806 65 m 33 ‘exact)
Avogadro number Ny 6.022 136 7(36)x10% mol~! 59
Boltzmann constant k 1.380 658(12)x 10~ J K~} 85

= 8.617 385(73)x1075 eV K! 34
Wien displacement law constant b = AmexT 2.897 756(24)x10"3 m K 34
molar volume, ideal gas at STP N ,k(273.15 K)/(1 atmosphere) 22.414 10(19)x 1673 m? moi~! 2§
Stefan-Boltzmann constant o = vk /60R3 3 5.670 51{19)x10"® W m~2 K4 34
Fermi coupling constant Gr/(he)® 1.166 39(2)x 105 GeV~2 17
weak mixing angle 9in? by (WM3) 0.2325+0.0008 3441
W* boeon mass mw 80.22+0.26 GeV/3 3241
Z° boson mass mz 91.173+0.020 GeV/c? 219
strong coupling constant as(mz) 0.1134£0.0035 3.1 <t

x = 3.141 592 653 589 793 238

e = 2.718 281 828 459 045 235

v = 0.577 215 664 901 532 861

1in =0.0254 m
1A=z107%m
1fm=10"¥m

1 barn = 1073 m?
1 dyne = 1073 newton (N)
lerg= 10~7 joule (J)

1eV = 1.602 177 33(49) x 10719 J
1eV/c? = 1.782 662 70(54) x 1073 kg
2.997 924 58 x 10° esu = 1 coulomb (C)

| gausa (G) = 107* tesla (T)
0°C=27315K
1 atmosphere = 760 torr = 1.013 25 x 10° N 'm?

* The meter is now defined to be the length of the path traveled by light in 1/299792458 second. See B.W. Petley, Nature 303, 373 (1983:
VAt @3 = m2. At Q% = m}, the value is approximately 1/128.
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Chapter 1 Composition of Accelerator Radiation Fields

Table 1.2 Atomic and Nuclear Properties of Materials [Reproduced from (PR92)]

Matertal 2 4 Nuclear® Nuclear® Nuclear®  Nuclear® aE! Radiation length ® Density / Refractive
total inelastic  collision interaction dz . . Xo lg/cm?) index n/
cross croes length length r v g/cm?) fcm] ()is for gas () is (n-1)x106

section section Ar A Me 2} () is for gas it for gas
o bam] o e g gem?]  |gem

Ho 1 1.01 0.0387 0.033 433 50.8 +.12 61.28 865 0.0708(0.090) 1.112{(140)

D2 1 2.01 0.073 0.061 45.7 34.7 2.07 122.6 757 0.162{0.177) 1.128

He 2 1.00 0.133 0.102 49.9 65.1 1.94 94.32 755 0.125(0.178)  1.024(35)

Li 3 6.94 0.211 0.157 34.6 734 1.58 82.76 135 0.534 —

Be 4 9.01 0.268 0.199 55.8 75.2 1.61 65.19 35.3 1.848 —

C 6 12.01 0.331 0.231 60.2 86.3 1.78 42.70 18.8 2.2659 —

Ng 7 14.01 0.379 0.265 61.4 878 1.82 37.99 47.0 0.808(1.25) 1.205(300)

o)) 8 16.00 0.420 0.292 63.2 91.0 1.82 34.24 30.0 1.14(1.43) 1.22(266)

Ne 10 20.18 0.507 0.347 66.1 96.6 1.73 28.94 24.0 1.207(0.90) 1.092(67)

Al 13 26.98 0.634 0.421 70.6 106.4 1.62 24.01 89 2.70 —

Si i4 28.09 0.660 0.440 70.6 106.0 1.66 21.82 9.36 233 —

Ar 18 39.95 0.868 0.566 76.4 117.2 1.51 19.55 14.0 1.40(1.78) 1.233(283)

Ti 22 47.88 0.995 0.637 79.9 1249 1.51 16.17 3.56 4.54 —

Fe 26 55.85 1.120 0.703 82.8 131.9 1.48 13.84 1.76 7.87 —

Cu 29 63.55 1.232 0.782 |, 856 134.9 1.4 12.86 1.43 8.96 —

Ge 32 72.59 1.365 0.858 88.3 140.5 1.40 12.25 2.30 5.323 —

Sn 30  118.69 1.967 1.21 100.2 i63 1.26 8.82 1.21 7.31 —

Xe 54 131.29 2.120 1.29 102.8 169 1.24 8.48 2.77 3.057(5.89) {765}

W 74 183.85 2.767 1.65 1103 185 1.16 6.76 0.35 193 —

Pt 78 195.08 2.861 1.708 1133 189.7 1.15 6.54 0.308 21.45 —

Pb 82 207.19 2.960 1.77 116.2 194 113 6.37 0.56 11.35 —

U 92 238.03 3.378 1.98 117.0 199 1.09 6.00 =0.32 ~18.95 —

Air, 20°C, 1 atm. (STP in paren.) 62.0 90.0 182 36.66 (30420) 0.001205(1.20)  1.000273(293}

H0 60.1 849 2.03 36.08 36.1 1.00 133

Shielding concrete® 67.4 99.9 1.70 26.7 10.7 2.5 —

$i0; (quartz) 67.0 99.2 1.72 27.05 12.3 2.64 1.458

Hs (bubble chamber 26°K) 43.3 30.8 4.12 61.28 =1000 2= 0.063* 1.100

D; (bubble chamber 31°K) 45.7 54.7 207 122.6 =900 = 0.140°* 1.110

H-Ne mixture (50 mole percent)’ 65.0 945 1.84 29.70 73.0 0.407 1.092

Nford emulsion G5 82.0 134 1.4 11.0 2.89 3.815 —

Nal ~ 948 152 1.32 9.49 2.59 3.67 1.775

BaF; 921 146 1.35 9.91 2.05 489 1.56

BGO (BigGe3O12) 97.4 156 127 7.98 112 7.1 2.15

Polystyrene. scintillator (CH)* 58.4 22.0 195 438 424 1.032 1.581

Lucite. Plexiglas (CsHgO32) 59.2 836 1.95 40.55 ~34.4 1.16-1.20 = 1.49

Polyethylene (CHj) 56.9 78.8 2.09 44.8 ~47.9 0.92-0.95 —

Mylar (CsHO7) 60.2 85.7 1.86 39.95 28.7 1.39 —

Borosilicate glass (Pyrex)? 66.2 97.6 1.72 28.3 12.7 2.23 1.474

Co, 62.4 90.5 1.82 36.2 (18310) (1.977) 1410}

Ethane CyHg 55.73 7571 2.25 45.66 (34035)  0.509(1.356)™ (1.038) ™

Methane CHy 54.7 74.0 241 46.5 (64850) 0.423(0.717) (444)

Isobutane C(Hiq 56.3 74 222 452 (16930) (2.67) {1270

NaF 66.78 97.57 1.69 2987 11.68 2.558 1.336

LiF 62.00 88.24 1.66 39.25 14.91 2.632 1.392

Freon 12 (CCl;F3) gas, 26°C. 1 atm. ™ 70.6 106 1.62 237 4810 (493)  1.001080

Silica Aerogel ® 65.5 357 133 2985 =150 0.1-0.3 1.0+0.25p

NEMA G10 plate? 62.6 90.2 1.87 33.0 19.4 1.7 —
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Chapter 1 Composition of Accelerator Radiation Fields

For moderately relativistic particles, the mean rate of energy loss (stopping power) is given

approximately by (PR92):

2.2n2
dE _ 2 22Z1[ 2mcy P 2 O
—a—‘tnNAfcmec Z Aﬁzlln{ I _B -2 ’ (115)

where N is Avogadro's number, Z and A are the atomic number and weight of the material
transversed, z is the atomic number of the projectile, me and re are the mass and "classical
radius” of the electron and I is the ionization constant. J is a small correction factor which
approaches 2 Iny.  Substituting constants,

,Z l[ln{2m°C27252

dE 5 2 -1
Ale - }‘ﬁz'i MeV cm’g™) (1.16)

-5 =(o.3071)z

where 1= 16Z09 ¢V for Z> 1 and has the value of approximately 20 eV for diatomic
hydrogen).

The decay length at a given velocity of a particle with a finite meanlife (at rest), 7, can be
obtained from the product of the speed of light and the meanlife, ct, which is often tabulated.
The decay length is given by yct, where relativistic time dilation is taken into account. This.
length is to be distinguised from that called the decay path. The latter represents a distance in
space in which a given particle is allowed to decay with no or minimal competition from other
effects exemplified by scattering or absorption.

page 1-10



Chapter 1  Composition of Accelerator Radiation Fields

III.  Primary Radiation Fields at Accelerators-General Considerations

The particle yield is a crucial parameter. It is typically a function of both angle and particle
energy and is defined according to Fig. 1.8. Such particle yields are reported in terms of

particle type, energy, fluence, and angular distributions. Scattered reaction products are found at
a hypothetical "detector” or located at radius, r, and polar angle, 0, relative to the direction of
the incident particle along the positive Z-axis.

DETECTOR

%

INCIDENT BEAM Zi\XIS

Fig. 18 Conceptual interaction of incident beam with material which produces
radiation at the location of a hypothetical detector located at polar
coordinates (r, 9).
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Chapter 1 Composition of Accelerator Radiation Fields

The rate of production of the desired reaction products and their energy spectra is, in general, a
strong function of both 6 and the incident particle energy Ej,.

With a single exception, there is no dependence on the azimuthal angle, a, in this spherical
coordinate scheme.! [With coordinates (r,8,t) « is used, unconventionally, as the azimuthal
angle to avoid confusion with ¢, the flux density.]

In principle, calculations of the particle yield could be taken directly from differential cross
sections for given incident particle energy E (E usually denotes kinetic energy),

do(8,E)
daQ ’
where 6(€2, E) is the cross section as a function of energy and  is the solid angle into which the

secondary particles are produced. (The angular dependence is only on 6 and not also on & due to
the lack of azimuthal dependence.)

In general calculations of the radiation field which directly use the cross sections are not practical
because targets hit by beam are not really thin (i.e., one cannot ignore energy loss or secondary
interactions in the target) and there is incomplete knowledge of cross sections at all energies so
one cannot integrate over 6 and E to get the total yield.

For many applications, the details of the angular distributions of total secondary particle yield,
dY(8)/d€2, and the angular dependence of the emitted particle energy spectrum,
d2Y(6,E)/dEdQ, of the emitted particle spectra are very important.

Often, the particle fluence is needed at a particular location at coordinates (r,8) from a known
point source of beam loss while the angular distributions of dY/dQ are generally expressed in
units of particles/(steradian - incident particle).

To obtain the total fluence ®(6) [e.g., "particles"/(cm2-incident particle)], or differential fluence
d®(E,0)/dE [e.g., "particles"/(cm2-MeV-incident particle)] at a given distance r (cm) at a
specified angle 6, one must simply multiply the plotted values by r-2 (cm?):

2
_1dY(®) dDES) 1d2Y(6,E)
*®=33 ™ TE "7 dq

(1.17)

IThe single exception is the case in which the spins of the target nuclei and/or the incident
particle are oriented along some chosen direction in a “polarization” experiment.
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Chapter 1 Composition of Accelerator Radiation Fields

IV.  Radiation Production by Electron Accelerators (Most of this material is adapted
from (Sw79), the work of the late William P. Swanson of SLAC and LBL.)

At all energies photons produced by bremsstrahlung dominate the radiation field aside from the

hazard of the direct beam. As the energy increases, neutrons become a significant problem.
For Eg > 100 MeV, the electromagnetic cascade must be considered (see Chapter 2)

An interesting rule of thumb is that electrons have a finite range in material proportional to the
initial kinetic energy of the electron:

For2<Eg<10MeV,R =0.6E, g cm-2. (In air, R = 5 E, meters with Eg in MeV). (1.18)

Above approximately 10 MeV, radiative losses begin to dominate.

Direct Beam

Swanson (Sw79) has given what he expressed as an approximate, "conservative" rule of thumb
for the energy domain of 1 < Eg < 100 MeV:

% =1.6X 10 ¢ where %P} is the dose equivalent rate (rem h-1 and ¢ is

a6

the flux density (electrons cm2 s 1) (1.19)

Others have calculated the conversion factor as a function of energy as in Fig. 1.9 taken from
(Sw79). (The results in Fig. 1.9 should be regarded as more recent improvements to the results
of Fig. 1.4.)

— LS AR R AL | LI B AR A LM ABRRAALY | LB RAAAY | ™ vwrrl'[_r-v-rrrm
.zé 8 I o a Alsmiller & Moran (1968)
o

H o 0 Beck(1970)

€E7 L -
3 ]

5 s ° O Berger & Seltzer (1969)
w6 |- Ja a + Spencer {1959) _
(] +

'E ~— Recommended

w5 —
S o

1]

g4/ o -
~— + 4

o \

g2 A\A ]
r4 2

o

ol -
[+ 4

[V}

;0 i 1|ll|||l 1 14111111 Lt il il llj_Llll ] llllllll A L4l
8 10 100 10' 102 103 104 10%

ELECTRON ENERGY (MeV)

es)
%

P
©

Conversion factor as a function of incident energy E,, for a unidirectional
broad beam of monoenergetic electrons at normal incidence. The curve
indicates values represented by the ICRP. [Reproduced from (Sw79). See
(Sw79) for references indicated on figure.]
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Chapter 1 Composition of Accelerator Radiation Fields

Bremsstrahlung

Bremsstrahlung is the radiative energy loss of electrons as they interact with materials. It
appears in the form of photons. An important parameter when considering radiative energy loss
of electrons in matter is the critical energy, Ec. E. is that energy above which the energy loss
due to radiation exceeds that due to ionization for electrons. The value E. is a smooth function
of atomic number;

Ec =800/(Z + 1.2) MeV), (1.20)
where Z is the atomic number of the material.

The transition from ionization to radiation is also a smooth one. The stopping power for
electrons may be written as the sum of collisional and radiative components (Pa73):

5 (oL,
X Jiot X Jeoll X Jrad

A parameter of significant importance for electrons is the radiation length, X, which (PR92 ) is
the mean thickness of material over which a high energy electron loses all but 1/e of its energy
by bremsstrahlung and is the approximate scale length for describing high-energy
electromagnetic cascades. This parameter also plays a role in the "scaling” of multiple
scattering for all charged particles. This parameter is approximated by:

-2
X = 7164 gcm A (1.22)

°T uz+ 1)1n(287 NZ)

where Z and A are the atomic number and weight of the material medium.

It turns out for high energy electrons that: dEy _ _ L, (1.23)
dx X

rad o

so that under these conditions (where ionization can be neglected)
E(x) = Ege ™ (1.24)

where the energy of the incident particle is E,.

Figure 1.10 taken from (SW79) gives the percentage of E,, which appears as radiation for various
materials as a function of energy. External bremsstrahlung develops as a function of target
thickness and is described by a "transition" curve. As the thickness increases, the radiation
increases until reabsorption begins to take effect. Then, self-shielding begins to take over. One
talks about the maximum as a "thick-target" bremsstrahlung spectrum. This can be used as a
basis for conservative assumptions related to quantities of radiological concern. Figure 1.11
from (Sw79) shows the behavior for a high-Z target. This type of behavior has been developed
into three "rules of thumb" by Swanson in (Sw79).
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Chapter 1 Composition of Accelerator Radiation Fields

These "Rules of Thumb" parameterize this behavior for the absorbed dose rates, D , at 1 meter
and normalized to one kW of incident beam power:

Rule of Thumb 1:

D = [([Gysh YkWem-2) | =20Eo2  at =09 Ey< 15MeV. (1.25)
Rule of Thumb 2:

D =([(Gy-h ' kWem2)""] =300 E, at 8 =09, E; > 15 MeV. (1.26)
Rule of Thumb 3:

D =[(Gysh " \kWem2)~!] = 50 at 8 = 900, Eq > 100 MeV. (1.27)

One can scale to other distances by using the "inverse square” law. It should be noted that one
can get higher dose rates at 90° in certain circumstances due to softer radiation components. The
forward intensity is a slowly varying function of target material except at very low Z. The
angular width, 0172, of the forward lobe (half-intensity) is approximately given by the relation:

EgB1/2 = 100 (MeV degrees). (1.28)

This is displayed graphically in Fig. 1.12 taken from (Sw79).

o
l T ] T e TT I T T T T T T 7T TT 7Ty

- ANGULAR DISTRIBUTION 3
C OF THICK-TARGET ]
- L BREMSSTRAHLUNG A
D
4 — _
W
=
= Ol =
[8¥] - -
d C .
—_ L -
<
J '- -
LJJ | —
[ned
0.0l [ lz(LLiLl;lIll{li 1

C 200 400 1000 1500 2000
Eof (MeV-degrees)

Fig.1.12  Angular distribution of bremsstrahlung intensity from high-Z targets
(relative units), plotied as a function of the variable E48. [Reproduced from
(Sw79).]
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Chapter 1 Composition of Accelerator Radiation Fields

Figure 1.13 taken from Ref. 4 shows bremsstrahlung spectra at 6 = 0° for electrons incident on a
high-Z material of intermediate thickness at a variety of energies.

1072

03

FLUENCE (photons‘»MeV"| .l electron")

2 4 6 8 10 2 14 16 18 20 22
PHOTON ENERGY  (MeV)

Fig. 1.13 Bremsstrahlung spectra measured at 8 = 0° from intermediate-thickness (0.2
X,) targets of high-Z material. The data points are measurements.
[Reproduced from (Sw79).]
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Chapter 1 Composition of Accelerator Radiation Fields

Figure 1.14 from (Sw79) shows typical spectra for 30 and 60 MeV electrons at various angles.
Note the prominence of the 0.511 MeV peak which corresponds to positron annihilations each of
which produce two photons of that energy.

T r’['v‘l' 1 rTTTTIY‘ T T 7 T
{a)
| e:o°
10!
1072
e
. 0° =
03 6 g
=]
=
= 1074 W 4
'8 Eo =30 MeV g
= z =2r
g |O‘5 (o]
e
l; |O‘6 ol oy el L)L)
IS 0.l [ fo) 100
3 PHOTON ENERGY (MeV)
2
S
E 0 T T T T T T TTTTT
S

McV. (a) Kinetic energy 30 MeV, thickness z = 24 g cm~2 (3.6X,); (b) 60

electron range. ‘The arrows indicate positron annihilation radiation at 0.511
MeV, z =33 g cm 2 (4.9X,,). [Reproduced from (Sw79).)

Spectra of bremsstrahlung photons emerging in various directions from
incident. The target thickness in both cases is 2 1y, or twice the mean

thick tungsten targets irradiated by monoenergetic electron
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10'6 o sl Lol FEEE IS BT =

Q. | 10 100
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At higher energies (E, > approximately 100 MeV), the electromagnetic cascade development in
accelerator components is very important and can result in a forward "spike" of photons with a
characteristic angle of 8. = 29.28/E, (degrees, if E, is in MeV). This phenomena could be
important at electron storage rings and colliders.
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Chapter 1 Composition of Accelerator Radiation Fields

Syncl fiati

Reference (Sw90) presents a summary discussion of this important phenomenon. The movement
of electrons in a circular orbit results in their centripetal acceleration. This gives rise to emission
of photons and has been treated in much more detail and completeness by others.

At nonrelativistic energies, this radiation is largely isotropic. However, at relativistic energies,
the photons emerge in a tight bundle along a tangent to any point on a circular orbit. Figure 1.15
taken from (Sw90) shows this bundle:

- w~“\\\

Acc.

< <1 vy = V1-8

Fig. 1.15 Synchrotron radiation angular distribution for slow and relativistic particles
showing direction of polarization. [Reproduced from (Sw83).]

The characteristic angle (i.e., the angle of 1/e of the zero degree intensity) of this "lobe" is

0.= 317 =/ 1-p? radians. (1.29)

The median energy of the power spectrum, €, is given in terms of the total energy, W (GeV)
[Ymgc?], and bending radius, p (meters) by (Sw90):

€. = 2.218W3/p (keV). [For protons, multiply by (me/mp)3.] (1.30)
From (Sw90), the radiated power, P (watts) for a circulating electron current, I (milliamperes) is

P =88.46 W4I/p . [For protons, multiply by (me/mp)“.] (1.3

Figs. 1.16 and 1.17 taken from (Sw90) (and citations therein) give the universal radiation
spectrum and calculations for high energies. These calculations were done in the course of the
development of the LEP (Large Electron Positron) collider at CERN.
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! T T T 1
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1073 G 107! 1 10

Photon Energy (e/e )

Fig. 1.16  Universal synchrotron radiation spectrum. The
dimensionless quantity G, gives the relative power as a
function of photon energy in units of characteristic
energy, €c. [Reproduced from (Sw83).]
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Fig. 1.17 Primary synchrotron radiation spectrum at three high
energies. [Reproduced from (Sw83).]
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Chapter 1 _ Composition of Accelerator Radiation Fields

Neutrons

Several basic physical mechanisms have been described in (Sw79). The dominant one at
electron machines, especially for kinetic energies Eq < 150 MeV is that of photonuclear
reactions; that is reactions in which a photon absorbed by a nucleus creates an excited nuclear
state which subsequently decays be emitting a neutron. [A (Y, n) nuclear reaction as written in
the scheme of notation in which the first symbol in the parentheses represents the incoming
particle in a reaction while the second represents the outgoing particle.]

The total neutron yields and neutron energy spectra are typified by Figs. 1.18 and 1. 19 taken
from (Sw79). Note that saturation (normalized to beam power!) tends to occur at Eo = 100
MeV. (Sw79) and (Sc90) contain more details about such scaling.

Because of the nature of the (y,n) reaction, these neutron fields are nearly isotropic and the
inverse square law may be used to estimate the flux density at any given distance, r. There is
actually a slight enhancement at 8 = 90° of about a factor of 1.5.  The production of these
neutrons chiefly is influenced by giant resonances in the target nuclei. These resonances are
nuclear excited states having very broad widths in energy. These states are excited by the
photons and some finite time later decay by emitting neutrons. The yields of neutrons are
approximately proportional to the beam power loss (and hence independent of energy) at high
energies and isotropically distributed. Photoneutron energy spectra, dN/dE;, fall rapidly as a
function of neutron energy, typically as

%EN— =E;* where, approximately, 1.7 < a0 < 3.6. (1.32)
n

The slope becomes steeper as E,, the kinetic energy of the incident electron, is approached.

Table 1.3 taken from (Sc90) displays the following table of values for yields of giant resonance
neutrons per watt of beam power (s-'W-1), the yield per GeV per st (Yp Ge V-1 sr-1) [measured
and calculated], and a recommended dose equivalent source term (Sv cm?2 GeV-1). The last
column would be used in the following equation:

S
H=>2E[ (1.33)

where H is the dose equivalent in Sieverts, r is the radial distance from the targetin cm, Eo is in
GeV, and I is the total beam particles incident (e.g., in some time interval).

For Eg > 150 MeV other, more complicated mechanisms come into play such as the quasi-
deuteron effect (important in 30 < E, < 300 MeV) and photopion reactions (Eg > 300 MeV).
The quasi-deuteron effect is so-named because for Ey > 30 MeV the photon wavelength is in
resonance with the average inter-nucleon distance so that the photon interactions tend to occur
with "pairs" of nucleons. Only neutron-proton pairs have a nonzero electric dipole moment,
which makes interactions of photons with such pairs (pseudo-deuterons) favorable.
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Fig. 1.18

Neutron yields from infinitely thick targets per kW of electron beam power

as a function of electron beam energy E,,, disregarding target self-shielding.
[Reproduced from (SW79).]
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Fig. 1.19 Photoneutron spectra produced at 8 = 90° by electrons of energy E, = 150,

170, 182, 202, 235, and 266 MeV, incident on a thick lead target (4.3 X,).

The solid lines are predictions of a quasi-deuteron model. [Reproduced
from (Sw79). See references cited therein.]
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Table 1.3 Yields and source terms of giant resonance neutrons in an
optimum target geometry. [Reproduced from (Sc90) as adapted from
references cited therein.]

Material Calculations [Swa 79b] Measurements of neutrons Recommended source
*x
Total neutron  Yield per GeV, Yield per GeV, terms*) S,
production steradian and steradian and
electron Y, electron Y,
sTIwWT! GeV~lsr! GeV~lgr! Svem? Gev !
C 440E8 5.61E-3 1.4E -2 [Bat 67b] 43E-12
Al 6.20E8 ) 790E -3 6.0E—12**)
Fe 8.18E8 1.04E-2 77E—-12
Ni 7.36E8 9.38E -3 69E—12
Cu 1.18E9 1.50E-2 24E—2[Bat67b] 1.1IE-11
1.SE—2 [DeS 68]
2.7-3.6E—2 [Ste 83]
Ag 1.68E9 214E-2 1.SE—11
Ba 1.94E9 247E-2 1.8E—11
Ta 2.08E9 265E-2 2.7E-2 [Han 75] 1.8E—11
A 2.36E9 301E-2 20E-11
Au 2.02E9 258E-2 1.8E—11
Pb 2.14E9 273E-2 33E—-2 [Bat67b] 1.9E—11
29E-2[Als 73]
U 3.48E9 444E -2 30E-11
[Swa79b] All calculations at electron energies of 500 MeV or t GeV.
[Bat67b] Measurements at 6.3 GeV with indium in a moderator. In the case of copper the source term for neutrons
up to 25 MeV is 28E—2GeV " !sr!,
[DeS 68] Measurement at 7GeV with indium in a moderator.
[Han 75] Electrons on tantalum and lead targets at 100 MeV.
[Als 73] Calculation at 400 MeV.
[Ste 83] Long-counter measurements: 2.7E —2 at 530 GeV, 3.2E —2 at 80 GeV and 3.6E —2 at 100 GeV.

*) In order to obtain source terms in Svem2h ™' kW ! the values have to be multiplied by 2.25E 16.
**) The value {or aluminium is recommended also for concrete.
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Interactions in which the production of other elementary particles, perhaps best typified by pions,
becomes energetically possible at still higher energies. These pions can then produce neutrons
through secondary interactions as will be discussed in Chapter 3. The literature has very little on
the yield values for such particles tailored to the needs of radiation dosimetry. H. DeStaebler of
SLAC (De65) has parameterized the yield of high energy particles per GeV, steradian, and
electron (taking experimental results into account):

. 15%x107*
(1-0.75 cos 8)°A%*

(1.34)

n

where A is the atomic mass (g/mol) of the target material. It is reasonable to use a dose
equivalent conversion factor of = 1 X 10-13 Sv m2 for these neutrons.

Muons

With electron beams, muons become significant above an electron energy of approximately 211
MeV (the "di-muon" rest mass) by the pair production process in which a u*, u~ pair results.
They can, at much smaller fluxes, be produced by the decay of =+ and K* which are, in turn, due
to secondary production processes. Such decay muons will be discussed in more detail later.
[The muon rest energy is 105.7 MeV, its meanlife T =2.19 X 109 s and ¢t = 658.6 m.] These
particles are highly forward peaked. Figures 1.20 and 1.212 taken from (Sw79) give the muon
flux densities as a function of energy and at various energies and angles as well as the peak flux
density at © = 0°. The reasonableness of scaling with energy to larger values of E, is well-
demonstrated.

The flux density to dose equivalent conversion factor has been found by Stevenson [(St73),
quoted in (Sw90)] to be 40 fSv m2 (25000 muons cm-2 per mrem) for 100 MeV < Ej <200
GeV. [At lower energies range-out of muons in ths body with consequential higher energy
deposition gives a conversion factor of 260 fSv m< (3850 muons cm-2 per mrem)] .

A detailed theoretical treatment of muon production by incident electrons from a dosimetric
perspective is given in (Ne68) and (Ne74).

Muons have very long mean ranges as shown in Fig. 1.22 taken from (Sw90). At high energies
(> 100 GeV), range straggling becomes severe (Va87). Also, above a critical energy for muons
of several hundred GeV (in, say, iron), radiative losses begin to dominate such that:

-E=aE) +bBE (1.35)
X

where a(E) is the collisional dE/dx and E is in GeV. Obviously, the range-energy relation of

muons and considerations related to their energy loss mechanisms is relevant to shielding against

muons regardless of the origin of the muons. The results presented here will thus be relevant to
further discussion in this chapter and in Chapter 3.

2The handwritten factor of 1 X 105 is applied to the left-hand axis of Fig. 1.21 to correct a
longstanding error that has been propagated through several publications. This correction was
veritied by a private communication between the author and W. R. Nelson.
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For this equation, a(E) = 0.002 GeV/gm cm-2 and b(E) is the radiative coefficient for E in GeV in
Fig. 1.23 taken from (Sw90). The total dE/dx is also given in Fig. 1.24 taken from (PR92). The
mean range is approximated by

Xo = (1/b)In(a + bEo), (1.36)

where E, is the kinetic energy of the muon, not the incident electron.

I i T T T
Eo =15 Gev

()

|
0 0.2 04 0.6 0.8 1,0 0 0.2 04 0,6 0.8 1.0
FRACTIONAL MUON ENERGY E/E, FRACTIONAL MUON ENERGY E/Eq

Fig.1.20  Integral muon flux density at 1 meter per unit electron beam power, versus
fractional muon energy, E/E,, for electron energies E incident on a thick
iron target. These data are normalized to 1 kW beam power, 1 meter from
the target. [Reproduced from (Sw79), adapted from (Ne68).]
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Fig. 1.23 Contributions to the fractional
energy loss by muons in iron due to ete-
pair production, bremsstrahlung, and

photonuclear interactions. [Reproduced

from (PR92), adapted from references cited
therein.]

Fig. 1.24 The average energy lossof a
muon in hydrogen, iron, and uranium as a
function of muon energy. Contributions to
dE/dx in iron from ionization and the
processes shown in Fig. 1.23 are also shown.
[Reproduced from (PR92), adapted from
references cited therein.]

Muon range straggling (Va87) is chiefly due to the fact that, above 100 GeV, electron-positron
pair production, bremsstrahlung, and deep inelastic nuclear reactions become the dominant
energy loss mechanisms. The cross sections for the latter two mechanisms are such that only a
few interactions can be expected. Although these processes have low probability, when they do
occur they involve large energy losses and thus have quite significant effects.

Tables 1.4 and 1.5 below give fractional energy loss and comparisons of muon ranges at high
energies, as taken from (Sc90) and derived from (Va87).The results of (Va87) illustrated in Fig.
1.25 taken from (Sc90) show this phenonema for muons incident on a soil shield having a
density of 2.24 g cm-3. At the higher energies the effect is very important since shielding
calculations based upon using the mean range values can lead to significant underestimates of the

number of muons which can penetrate the shield.
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Table 1.4 Fractional enegy loss of muons [(Sc90) adapted from (Va87)] in
soil (p = 2.0 g cm3). The fractions of the total energy loss due to the
four dominant energy loss mechanisms are given.

E [onization Brems- Pair Deep inelastic nuclear
GeV strahlung production interactions
10 0972 . 0.037 8.8E—04 9.7E-04
100 0.888 0.086 0.020 0.0093
1000 0.580 0.193 0.168 0.055
10000 0.167 0.335 0.388 0.110
Table 1.5 Comparison of muon ranges (meters) in heavy soil (p =2.24 g

cm3) [(Sc90) adapted from (Va87)]

Energy Calculations of Van Ginneken [Van 87] Mean Ranges calculated from d E/d x
Mean standard All Coulomb Coulomb plus pair
Range deviation processes losses only  production losses
10 GeV 228 1.6 214 215 215
30 GeV 63.0 5.6 60.3 61.1 60.8
100 GeV 188 23 183 193 188
300 GeV 481 78 474 558 574
1 TeV 1140 250 1140 1790 1390
3 TeV 1970 550 2060 5170 2930
10 TeV 3080 890 3240 16700 5340
20 TeV 3730 1070
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Summary

In (Sw79), Swanson provided the content of Fig. 1.26 which illustrates the broad features of the
radiation field due to the interactions of electrons with no shielding. This figure is useful for
making crude estimates of the resultant radiation field. As one can see, at all angles, from the
standpoint of dose equivalent, the unshielded field is always dominated by photons. At small
angles, the field is dominated by photons with muons as the next most important ingredient at
TeV energies.

Fig. 1.26

108 | T T &1 1
m“‘“
107 ||m\"“"‘ ]
4
108 ||.\\“‘ K o —
"|\“" Bremsstrahlung

)

DOSE - EQUIVALENT RATE ({rem-h™ ") {kW.m™2)"!)

.ﬁi\i::m;m\“\\\\\\\\\\\\\\m\\\\\\\\\\\\\\\\\\\\\\“

03 / '//////// :
Neutrons “.',.- /
102 |- ..-"' ' _
o // & (0% oniy)
% o Inducef;f(;c.tivify L
IOO 75 R R S NUTTTNEE SUCTITS
10° 10t 102 103 10
Eo (MeV)

Dose-equivalent rates per unit primary beam power, produced by various
types of "secondary” radiations from a high-Z target as a function of
primary beam energy, if no shielding were present (qualitative). The width
of the bands suggests the degree of variation found, depending on such
factors as target material and thickness. [Reproduced from (Sw79).]
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V. Radiation Production by Proton Accelerators (Much of the material in this section is
taken from (NC96) and the work referenced therein.)
The Direct Beam

Direct beams at proton accelerators, from the dosimetric standpoint, nearly always dominate over
any type of secondary phenomena since the beam current is generally concentrated into small
dimensions. Figure 1.7 gives the fluence to dose equivalent conversion factor as a function of
proton energy. The physical reason that the conversation factor shows such a prominent
transition at about 200 MeV is that below that energy the proton range is less than the thickness
of the human body. Hence as the energy is increased above 200 MeV, the energy largely

escapes from the body so that it requires a far larger fluence of protons to deliver the same dose
equivalent.

As the energy of a proton beam increases, the range of the protons increases to where the
probability of the proton interacting before it has lost all of its energy due to ionization in a target
gradually becomes significant. Klaus Tesch of HERA/DESY has illustrated this point in Fig.
1.27 taken from (Te85) for various materials and energies.

Probability (%) Range (cm) s
100 T 10
10 b -4 10°
! 10

Fig. 1.27 Range of protons (right hand scale)
and probability of inelastic nuclear
interaction within the range (left hand scale)
_| [Reproduced from (Te85), adapted from
references cited therein.]
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I n her ron high energi

Ey< 10 MeV:
For nuclear reactions, the Q-value, Qy, is defined in terms of the masses, m;,
Qy = [(m; +m;) - (mj3+my))c? (1.37)

for nuclear reaction m; + mz ->m3 + my4.  [In general such reactions are denoted
m2(mj,m3)m4.] Q, > 0 implies an exothermic nuclear reaction. Endothermic Qv <0
reactions are characterized by a threshold energy, Eh, given by:

m1+m2

E =—1 | 1.38
th m, Qv ( )
r‘/p T T T TTTm U AR AL I A A RLY RS
2 Sn
o E 2 Cu,Fe

C ] Al

i C
0 & E
0”& E
= 3
~ .
- 4
o E
0% 3
:r- — Sn ]
r Pb,Ta -
Al -

3 YU —f———cu,Fe

10 c E

10'4 vl 111|1|1I3 I 11111114
10' 102 10 10

Ep (MeV)

Fig. 128  Total neutron yield per proton for different target materials. [Reproduced
from (Te85).]
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Below 10 MeV, (p,n) reactions are important for some materials because these reactions
commonly have very low thresholds ( < 5 MeV) . Many features are highly dependent upon the
details of the structure of the target nuclei and are often highly dependent upon the target
element, angle, and energy. For example, 7Li(p,n)7Be has a threshold of 1.9 MeV and the total

cross section, ¢, quickly rises to a value of 300 mb.

For protons having kinetic energies, E,, ranging from approximately 10 MeV up to the very
highest energies, neutrons are usually the dominant feature of the radiation field that results from
their interactions. At these energies, the yields are smoother functions of energy due to the lack
of resonances, but are also more forward-peaked. Tesch (Te85) has summarized the total yields
per incident proton for different materials as a function of energy in Fig. 1.28 taken from (Te85).
In this figure these curves agree with the original primary data to within about a factor of two.
An important feature is that for 50 < Eo < 500 MeV, Y e E2 while for Eg > 1 GeV, Y o< E,.

10 < E, < 200 MeV

In this region there are extensive angular distribution data as a result of nuclear physics research.
The general features is that the distributions are forward-peaked. Representative examples are
given in Figs. 1.29 and 1.30 taken from Nakamura (Na78) for 52 MeV protons and from
Alsmiller (Al75) and Hagan (Ha88) for 200 MeV protons, respectively. The fluence above a 5
MeV threshold is plotted in Fig. 1.29 while yields are plotted in Fig. 1.30.

T T T
- A Ep=52MeV

O
l

¢, (E.8) dE.(str. proton)

[+ o]
SMeV
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|

Normalized at 15°

Neutron Fluence f

! [ l | |
O 15 30 45 60 75 90

EMISSION ANGLE, & ,degree

O

Fig. 1.29 Angular distributions of total neutron yield above 5 MeV for carbon, iron,
c(r(\)lp[_;cgr), ]and lead bombarded by 52 MeV protons [Reproduced from
a78).
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200 MeV < EO < 1 GeV; ("intermediate” energy):

In this region, many more reaction channels become open and the number of protons emitted
gradually becomes approximately equal to the number of neutrons. In fact, at the highest
energies for such unshielded conditions, the radiation effects of protons and neutrons are
essentially identical and both must be taken into account. Thus reliance on the Tesch yield
curve in Fig. 1.28 could underestimate radiation effects by as much as a factor of two.

Egp > 1 GeV ("high" energy region):

In this region, both the calculations and measurements become much more difficult. Often,
"threshold" detectors are used to detect neutrons above some reaction threshold energy. Figures
1.31 (Gi68), 1.32 (Gi68), 1.33 (Ra72), and 1.34 (St85) show representative data at 14, 26, 22,
and 225 GeV, respectively. In Figs. 1.31 and 1.32, the parameter g(8) is the integral of
d2Y/dQdE above such a designated threshold energy. These should be regarded as thin target
values. "Thin" target in this context means a target shorter than the removal mean free path for
high energy protons. Table 1.6 summarizes common removal mean free paths.

Table 1.6 Summary of removal mean free paths for protons

MATERIAL DENSITY REMOVAL MEAN REMOVAL MEAN
FREE PATH FREE PATH
(grams/cm3) (grams/cm?2) (cm)
hydrogen gas 9.00 X 103 43.3 4.81 X103
beryllium 1.85 55.5 30.03
carbon 2.27 60.2 26.58
aluminum 2.70 70.6 26.15
iron 7.87 82.8 10.52
copper 8.96 85.6 9.55
lead 11.35 116.2 10.24
uranium 18.95 117.0 6.17
air 1.29 X103 62.0 4.81 X104
water 1.00 60.1 60.10
concrete(typical) 2.50 67.4 26.96
silicon dioxide 2.64 67.0 25.38
(quartz)
plastics 0.93 56.9 61.51
{polyethylene)
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Chapter 1 Composition of Accelerator Radiation Fields

Anthony Sullivan of CERN (Su89) has developed a simple formula for the angular distribution
of fluence, ® (8) (cm-2), of hadrons with E, > 40 MeV at one meter from a copper target struck
by protons in the energy region 5 < Eq < 500 GeV per interacting proton:

1

2[9 +(351/E, )]2

D(O) = (1.39)

where Egisin GeV and 6 is in degrees.

This formula also adequately accounts for the distributions of neutrons per incident proton
produced by protons in the region of incident proton energy 0.025 < Eg <1 GeV ifitis
multiplied by, approximately, a factor of two. This equation can be plotted as in Fig. 1.35, taken
from the preprint of (Su89), in the "lateral" (8 = 90°) and "forward" (8 =~ 0°) directions.
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Fig. 1.35 Flux of hadrons exceeding 40 MeV in energy, per interaction, at 1 meter
from the target in both the forward (8 = 0°) and sideways (8 = 90°)
direction as a function of the interacting proton. The proton is interacting in
a copper target. [Reproduced from the preprint of (Su89).}
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Of course, the dose equivalent is often more important to know than is the "raw" fluence. In
principal, the dose equivalent can be obtained by integrating thus;

E
H=Lm“mm¢mma (1.40)
or by summation, taking into account the "coarseness” of available data and/or calculations:
H= Ji-xﬁ P,(E)®;(E)(AE);. (1.41)

Tesch (Te85) has done this to obtain the dose equivalent at 1 meter from a copper target (8 =
90°) bombarded by protons of various energies. The result is plotted in Fig. 1.36 taken from
(Te8S).
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Fig.1.36  Dose equivalent per proton due to neutrons at 6 = 90° with energies higher
than 8 MeV at a distance of 1 meter from a copper target. [Reproduced
from (Te85).]

page 1-41



Chapter 1 Composition of Accelerator Radiation Fields

Levine (Le72) has obtained experimental data on the angular distribution of absorbed dose for 8
and 24 GeV/c protons incident on a Cu target. These are given in Fig. 1.37. The results are
normalized to the number of interacting protons which represent about 28 % of those incident.
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Muons

Muons at proton accelerators arise from two principal mechanisms. Production by pion and kaon
decay are outlined as follows where mass of the parent particles, the branching ratio (the
percentage of time the parent particle decays by the reaction given), the meanlife, and the value
of ct (PR92) are also given.

nf>ut+ v, ;mg = 139.6MeV, 1=26X 10-8 s, (99.99 % branch), (cT = 7.804 m)

K*—>pnt+ vV, mK 493.6 MeV 1=1.2X108s, (63.51 % branch), (ct=3.709 m)

The other important muon production mechanism associated with incident protons is the so-
called "direct” muon production. These will discussed in more detail in Chapter 3.

At proton and ion accelerators, thus, the production of muons is usually dominated by a tertiary
effect due to the decay of secondary particles. Muon fields are forward-peaked and, normally,
dominated by those from pion decay (except, perhaps at the highest energies). Usually, Monte-
Carlo techniques are needed to accurately estimate muon intensities. This is because of the need
to:

A. calculate the production of pions from the proton interactions

B. follow the pions until they decay or interact

C. adequately account for the range-energy relation and range straggling
D. track the muons to the point of interest.

A full discussion of muon production and shielding must await Chapter 3.
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VI. Primary Radiation Fields at Ion Accelerators

Because the ionization range for ions of a given kinetic energy decreases as a function of ion
mass, targets become effectively "thicker" as the ion mass increases.

light jons (i m

For such ions there are "special case” exothermic reactions to be concerned with. Noteworthy
examples (followed by their reaction Q-values, Qy, in parentheses) are:

D(d,n)3He  (Qy=3.266 MeV)
9Be(o,n)!12C (Qy = 5.708 MeV)
3H(d,n)*He (Qy = 17.586 MeV).

In some cases monoenergetic beams of neutrons are possible using these or the following slightly
endothermic reactions:

12C(d,n)13N  (Qy =-0.281 MeV)
T(p,n)3He (Qy =-0.764 MeV)
TLi(p.n)"Be  (Qy = -1.646 MeV).

The energies of such neutrons can range from 0 to 27 MeV for bombarding energies up to 10
MeV.

In general, deuteron stripping reactions [(d,n)] have the highest yields because the binding
energy of the deuteron is only 2.225 MeV. (One gets an extra neutron "for free"!). This
phenomena is especially pronounced at the lower energies. In the low energy region, and
especially with light ions, one should carefully consider all possible reactions given the materials
present in conjunction with the ions that are being accelerated.

Figure 1.38 taken from (Pa73) gives examples of typical light ion yield results.
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heavier ions (i hA >4
At higher energies and especially at higher masses, neutron yield and dose equivalent data and
calculations are very sparse. The data often is normalized in terms of kinetic energy per atomic
mass unit (specific energy, usually expressed in units of MeV/amu), or kinetic energy per
nucleon because reaction parameters generally scale to that parameter. In the literature the
technical distinction between energy/amu and energy/nucleon is often ignored. In the range up
to 20 MeV/amu, this is illustrated by the Figs. 1.39 and 1.40 taken from (NC96) [adapted from
(Hu60) & Oh80)] for both yield and dose equivalent for targets slightly thicker than the particle

range: -
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Chapter 1

12C ions

ported in (NC96)] reports studies done with 86 MeV/amu
gets slightly thicker than one range. These were compared with theoretical

n et. al [(Tu84), also re
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calculations. The data measured are shown in Figs. 1.41 and 1.42 taken from (Tu84).
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Chapter 1 Composition of Accelerator Radiation Fields

Clapier and Zaidins (C183) have surveyed the existing data from 3 to 86 MeV/amu and have
been able to parameterize it. They found that the following fits the angular distribution of flux

density:

0605 = %{ log[1 1+ 1] } { g + Si:lz(e/2) } (142)

where 0 is in degrees and the fitting parameter § is determined by

000% 1

= = (1.43)
0(0%) - 6(90%)  &(0°)/$(90°) - 1

and where &(8) is the value of the fluence or dose equivalent at 6.
These same authors have found that the total yield, Y (neutrons/ion) can be approximately fit as a

function of the target atomic number, Z, and the specific energy, W (MeV/amu). [Again, note
the lack of dependence on projectile atomic number!]

The expressions which result are:

Y (W.Z) = C(Z)yW"@D with (1.44)
n@2)=1.222 and (1.45)

1.95X 10 5
C@) = W—exp[-()A?S (InZ)3. (1.46)

These authors have tabulated the values of the parameters C(Z) and n(Z) in Table. 1.7.

Table 1.7 Values of the parameters n (Z) and C(Z) as expressed in (CI83).

Atomic Number (element)

) 39X 106
(carbon) i 2.5X 106

(oxygen) : 3.6 X 107
(neon) X 2.7 X 1010 §
(argon) : 51X 1011 §
(krypton) 6.0 X 10-12
(lead) 1.7 X 1013 §
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They also give a few examples of the parameter, &, in the expression for fitting the angular
distribution. They report values of 0.07 for uranium incident on uranium at 9 MeV/amu, 0.025
for neutrons of energy < 20 MeV produced by 86 MeV/amu 12C incident on iron, and 3 X 104
for neutrons of energy > 20 MeV produced by 86 MeV/amu 12C incident on iron. Fig. 1.43
gives the results found. One could use values given in Table 1.7 taken from (CI83) or the direct
calculation and obtain some idea of the uncertainties inherent in this fit to such a broad range of
data.

10 T
Very heavy ions
0%+ .
=
Q
~
c
Z10° F ~
neon
10_4— iﬁ =
16° i : '
| 10 100

W=E/A (MeV/am.u)

Fig. 1.43 Total neutron yields as a function of specific energy for a variety of ions.
The shaded region is representative of the uncertainties in the associated
parametric fit to the available data. [Reproduced from (C183).]
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McCaslin, et al (McC85) measured the angular distribution of yields of 670 MeV/amu Ne and Si
ions and obtained the following results:

For incident 670 MeV/amu 20Ne ions including all neutrons above 6.5
MeV at a radius of 1 meter, McCaslin found:

o(8) =372 8! neutrons m %ion

(1.47)
(for2° < ® < 180°, 0 in degrees)

For incident 670 MeV/amu 20Ne ions including all neutrons above 20 MeV;

0(8) =248 ¢ 92 neutrons mion

(1.48)
(for 0° <9 <20° 0 indegrees)
and
0(08)=10 e 0038 Jeutrons m ion (1.49)

(for 20° < ® < 120° 6 in degrees).

The neutron yields at this high specific energy for heavy ions turn out to be quite large.
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1. a)

To how many GeV/s does 1 kW of beam power correspond?

b) To how many singly charged particles per second does 1 ampere of beam current

)

correspond?

To how many GeV/kg of energy deposition does an absorbed dose of 1 Gy
correspond?

Which has the higher quality factor, a 10 MeV (kinetic energy) a.-particle or a 1 MeV

neutron? Write down the quality factors for each particle.
Calculate the number of 12C and 238U atoms per cm3 of solid material.

Calculate the velocity and momenta of a 200 MeV electron, proton, iron ion, 7+, and
pt. The 200 MeV is kinetic energy and the answers should be expressed in units of
the speed of light (velocity) and MeV/c (momenta). Iron ions have an isotope-
averaged mass of 52021 MeV (A =55.847 X 931.5 MeV/amu). The nt+ mass is 140
MeV and the p*+ mass = 106 MeV . Do the same calculation for 20 GeV protons, iron
ions, and muons. It is suggested that these results be presented in tabular form. Make.
general comments on the velocity and momenta of the particles at the two energies.
(The table may help you notice any algebraic errors that you have made.)

Calculate the mass stopping power of a 20 MeV electron (ionization only) and a 200
MeV proton in 2.

An electron accelerator has a beam profile in the form of a 2 mm diameter circle
uniformly illuminated by the beam. Make a crude plot of the value of the dose
equivalent rate in the beam as the energy increases from 1 MeV to 10 GeV. The
average beam current is 1 microamp (1 pA). Assume the beam profile is unchanged
during acceleration. Compare with Swanson’s simple formula (“‘conservative” value) .
Is his formula “conservative” above 100 MeV? (Hint: use Fig. 1.9)

Calculate the critical energy and length of material that corresponds to the radiation
length for carbon and for lead. What does this say about the effectiveness of low-Z
versus high-Z shielding materials for electrons?
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10.

11

12.

13.

A 100 MeV electron accelerator produces a 1.0 LA beam incident on a high-Z (thick)
target. Estimate the bremsstrahlung absorbed dose rates at 6 =0°and 90°atr=2 m

from the target using Swanson’s rules of thumb. Compare the 0° result with the “in
the beam dose equivalent rate” found in problem 6. How do the bremsstrahlung and
in-beam dose rates compare?

Suppose the Tevatron enclosure at Fermilab is converted into an enclosure for an
electron synchrotron. The radius of the synchrotron is 1000 m. If the circulated beam

is 1012 electron, calculate the median energy of the synchrotron radiation photons for
Eg = 100 GeV. Also find 6, of the “lobe.”

For the accelerator of problem 8, calculate the neutron flux density atr =2 m at large
angles using the values in Table 1.3 for a high-Z (tungsten) target. Also use Table
1.3 to estimate the dose equivalent r = 2 m. Check this result by “guessing” the
average neutron energy is 1-10 MeV and use the curve in Fig. 1.6. Compare this

neutron dose with the Bremsstrahlung dose at larrge angles obtained in problem 8.

Fig. 1.21 gives both muon flux density and muon dose equivalent rate at one meter at
8 = 0° as a function of electron beam energy. From the figure determine the fluence-
to-dose equivalent factor used to obtain the dose equivalent rate from the primary
calculation of muon flux density. Compare with Stevenson’s result.

Calculate the muon fluence necessary to produce a dose equivalent of 1 mrem
assuming a quality factor = 1 and that tissue is equivalent to water for minimum
ionizing muons. (Hint: use Table 1.2) Could this explain the slight discrepancy noted
in this conversion factor found in problem 11? How?

For a 20 GeV electron accelerator, the electron beam strikes a beam stop made of
aluminum or iron. How long (in Z) does the beam stop have to be to range out the
muon having the average energy (for both Al & Fe)? (Hint: use curves from Fig. 1.20
to calculate the average energy by looking at flux versus energy.) What will the
relative dose rates be at the immediate downstream ends of each material? Assume
multiple scattering is not important. Compare the dose rates at the immediate
downstream ends of each material. (Assume the production of muons from Fe is
apprxoimately equal to that from Al. Recall the inverse square law.)

page 1-54



Chapter 1 Composition of Accelerator Radiation Fields-Problems

14.

15.

16.

17.

b)

One can use measurement results to check Sullivan’s formula for hadron fluence
above 40 MeV for high-energy proton interactions. Check the agreement for the 22
and 225 GeV/c data in Figs. 1.33 and 1.34 for 3 representative angles at one meter.
(Ignore the fact that the formula is for hadrons > 40 MeV while the only data provided
is for hadrons >35 MeV and 50 MeV but do not ignore the difference between
normalizing to incident versus interacting protons.) (It is valid to make the
comparison on yield per interacting proton since the results in Fig. 1.34 is for targets
approximately 1 interaction length long.) Comment on the quality of the agreement.

Calculations can also be used to check the Tesch curve for dose equivalent at 8 = 900
(Fig. 1.36). Use the 200 MeV calculations in Fig. 1.30 to do this by crudely
numerically integrating the 60° < 8 < 90° yields to determine the average energy of the
neutrons and the total fluence at © =90° and at 1 meter. Use the results along with
fluence-to-dose equivalent rate curves (Fig. 1.6) to obtain the dose equivalent per
proton to compare with Tesch’s result. (Iron is considered equivalent to copper for
this problem.)

Use Tesch’s curve in Fig. 1.36 to calculate the dose equivalent rate at 2 m and 6 = 90°
from a target struck by 1 pA of 100 MeV protons. Compare with the neutron dose rate
calculated in problem 10 for an glectron accelerator having the same intensity and
beam energy and discuss.- (Scale the relevant result of problem 10 by the appropriate
yield for copper vs. Tungsten.)

It is often necessary to work from fragmentary data to determine other quantitites.

Use McCaslin's results and appropriate fluence to dose factors to calculate the dose
equivalent rate at 1 meter and at 8 = 30° for a target struck by 108 670 MeV/amu 20Ne

ions per sec. (Hint: use all available spectrum information.)

Use McCaslin's results to obtain the total yield of neutrons per ion with E; > 6.5 MeV.
Assuming the target to be iron or copper, how does this yield correspond to that due to
700 MeV protons? Do this for both Ej; > 6.5 MeV and E; > 20 MeV to understand the
overall composition.

Hint: Integrate over the unit sphere (double integral over spherical coordinates 6 & ¢)
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The following indefinite integrals are needed:

3 5 7

d sinx_ X X X
X X331 Y55 T T

e** [asin (bx) — b cos (bx)]

a’ + b’
The elemental area on the sphere of radius R is dA = r2 sin 8 d0d¢,
(See figure below.)

f dx e® sin (bx) =

|

dV = (r 8in 6 dO) (r a6 (drq
= r2gin 6 dr d€ dp
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Chapter 2 Shielding of Electrons and Photons at Accelerators

In this chapter the major features of the shielding of electrons and photons at accelerators are
described. It includes extensive discussion of the electromagnetic cascade and a discussion of the
shielding of photoneutrons and high energy particles that result from these interactions. The
chapter concludes with a treatment of the generalized shielding problem with specific attention
given to the Monte-Carlo method.

I. The Electromagnetic Cascade-Introduction

The "prime mover" in shielding design at electron accelerators is the electromagnetic cascade. This
would also be true were a muon accelerator to be built.

One should recall the definitions of radiation length, X, and critical energy, Ec, from
Chapter 1;

7164 A

- -2
° = Z(Z + DIn(287Z) (gem™) 2.1
and
Ec = 800/(Z + 1.2) (MeV). (2.2)

Another parameter of importance (PR92) for describing the electromagnetic cascade is the
Moli¢re radius, Xp:

Xm = XoEJEc (2.3)
where E =(vV4n/a)m.c? =21.2 MeV. (2.4)
[e is the fine structure constant (see Table 1.1) and me is the mass of the electron.]
It turns out that Xy, is a good characteristic length for radial distributions in electromagnetic

showers. Two more scaling dimensionless variables are commonly introduced to describe
electromagnetic shower behavior;

t=x/X, (distance) (2.5)
and y=E/E; (energy). (2.6)

As an aside, for mixtures of n elements (PR92) states that these quantities and the stopping power
dE/dx scale according to the elemental fractions by weight, f;, as follows:

%E‘- = é‘,l f, (3—5‘)] {all g—E— in energy/g cm‘2> (2.7)
1 _ f; : -2

y el 2o {all X, in g cm~2} and (2.8)
1 1 & fE ,

ToE L X, @9
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Another term used is that of the so-called "Compton minimum"” which, as the term is generally
used, is the energy at which the total photon cross section is at a minimum. [The use of this term is
an unfortunate occurrence of technical "slang" since at the higher energies the Compton scattering
cross section monotonically decreases with energy!] This value always occurs at energies less
than E¢ and is typically a few MeV. For high energy photons (E, > 1 GeV), the total e*e- pair
production cross section, Gpair, is approximately given, for a single element, by

_I_A
Opuir= 4 XONA) (cm?), (2.10)

where A is the atomic weight, N, is Avagadro's number, and X, is the radiation length expressed
in units of g/cm2.

For energies larger than a few MeV, the pair production process dominates the total photon
attenuation. The interaction length for pair production, Apair, is given by

Apair = % (g/em?) = pNA7p — = %xo, 2.11)
A §(XQNA)

where the symbols all have the same meanings as used in Chapter 1 and thus far in this chapter.

This result, along with the facts about photon production by electrons interacting in matter, leads to
the most important fact about the electromagnetic cascade: ’

The electrons radiatively produce photons with almost the same
characteristic length for which the photons produce more et e pairs.

This is so important because as a first order approximation it means that the "size" in physical
space is independent of energy. (For hadroni¢ cascades, the result is considerably different!)

Figure 2.1 taken from (PR92) illustrates the photon cross sections for the various physical
processes responsible for photon attenuation.
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Chapter 2 Shielding of Electrons and Photons at Accelerators

II. The Electromagnetic Cascade Process

In the most simple terms, the electromagnetic cascade at an electron accelerator proceeds
qualitatively according to the following steps:

1. A high energy electron produces a high energy photon by bremsstrahlung.

2. This photon produces an e* e- pair after traveling, on average, a distance of X, (each
member of the pair will have half the energy of the photon).

3. After traveling an average distance of Xo, each member of the et e pair will produce yet
another bremsstrahlung photon.

4. Each electron or positron may continue on to interact again and release yet more photons
before its energy is totally absorbed.

{This chain could equally well be initiated by a high energy photon from a hadron
accelerator. }

Eventually, after a number of generations, the individual energies of the electrons and positrons
will be degraded to values below Eg so that ionization processes then begin to dominate and
terminate the shower. Likewise, the photon energies eventually are degraded so that Compton
scattering and the photoelectric effect compete with the further production of et e pairs.

Figure 2.2 taken from (Sw79) shows, schematically, the electromagnetic cascade process.
Of course, there are subtleties representing many different physical processes, such as the
production of other particles, which must be taken into account. These are best handled by Monte-
Carlo calculations. The most widely-used code incorporating the Monte-Carlo method as applied
to electromagnetic cascades is that written by W. R. Nelson of SLAC called EGS (electron gamma
shower, a current version is denoted EGS4) which has been described in (Ne90)!. Van Ginneken
has also written a Monte-Carlo program which is very effective for calculating deep penetratons
called AEGIS (Va78) [An appendix at the end of this discussion will briefly review the Monte-
Earlo Néethod.] Analytical approximations have been developed and are summarized elsewhere
e.g., (Sw79)].

There are some published standard calculations from which estimates may be made which will now
be introduced.

Longitudinal shower development

The dosimetric properties of the calculations of an electromagnetic cascade may be summarized in
curves that give fluence, dose, or other quantities of interest as functions of shower depth or
distance from the axis. Figure 2.3 taken from (Va75) shows the fraction of total energy deposited
(integrated over all radii about the shower axis) versus depth from Van Ginneken and Awschalom
(Va75). These authors found that a new scaling parameter, Ay, given by

Ay =325(nZ) 1 BIn(Eg) (gem2) [Eqis in MeV] (2.12)

When longitudinal lengths are expressed in units of Ay ,» all curves merge approximately into this
universal one.

TMonte-Carlo programs exist, in general, in a state of nearly continuous improvement. Thus the
authors of such codes should be contacted to provide the current version.
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Fig. 2.2 Development of an electromagnetic cascade in a semi-infinite medium at high energy (well
above the critical energy). The dashed lines represent electrons or positrons and the wavy lines
represent photons. An electron or positron of energy E is incident at the left (a cascade can
also be initiated by a photon). The spreading in the transverse direction is greatly exaggerated
for clarity. Only bremsstrahlung (B) and pair production (P) events are shown, but Compton
scattering also plays a role in the dispersal of energy. Energy is deposited in the medium
along the dashed lines by ionization. Photonuclear reactions, as illustrated by the (y,n)
reaction at point N, may take place along any of the wavy lines if the energy of that photon is
high enough. They occur much less frequently than might be inferred from this illustration.
[Reproduced from (Sw79).]
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Fig. 2.3 Fraction of total energy, U, deposited by an EM cascade shower versus depth, integrated over
all radii about the shower axis. [Reproduced from (Va75).]
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Rossi and Griesen (Ro41), in their development of analytical shower theory, have predicted (using
their so-called " Approximation B") that the total number of electrons and positrons at the shower
maximum, Nghow are proportional to the primary energy as follows:

0.31EJE,
[In(E/E,) - 0.37]"%

show = (2 13)

This makes sense intuitively; the result of the shower is to divide the energy at maximum among a
number of particles with energies near E.

Also from this Approximation B , the location of the shower maximum Xy, (along the
longitudinal axis usually represented by the Z coordinate) should be given by:

Xmax _1 E
XO - EC

Experimentally, Bathow, Freytag, and Tesch (Ba67) found that C =0.77 for Cu and 0.47 for Pb
fit experimental data better.  (Photon induced showers penetrate about 0.8 radiation lengths
deeper. (Sc90) identifies slight differences between photon and lepton induced showers but these
can pormally be neglected.) The maximum energy deposited per radiation length is simply given
by multiplying Nghow by the critical energy.

-C. (withC = 1) (2.14)

(Sc90) gives the mean squared longitudinal spread, t2, (mean square distance lateral spread of the
shower about t = tyax = Xmax/Xo.):

12=1.61 ln(}é ) 0.2 (electron-induced shower), and (2.15)
[+

12=1611n(E )+O9 (2.16)

C

(photon-induced shower, for which E, is the photon energy more conventionally
denoted by kg by some authors).

For dosimetric purposes for a shower in a given material, EGS4 results tabulated in (Sc¢90) have
been parameterized to determine "source terms" for longitudinal dose equivalents in materials over
the energy region 1 GeV < Eo < 1 TeV for dose on the Z-axis (subscripts "a"), dose averaged over
a 15 cm radius about the Z-axis, ( subscripts "m") and for total energy deposited (subscripts "e") .
Table 2.1 taken from (Sc90) gives the various parameters for calculating dose equxvalent Hiong
(Sv per electron) at the end of a beam dump of length, L (cm) of density, p (g/cm3) and gives
fitted values of the various "attenuation lengths”, Aj (g/cm#). For absorbed dose calculations, the
factor C, which is the ratio of dose equivalent in tissue (Sv) to absorbed dose in the material (not
tissue) (Gy), should be set to unity. The following is the formula in which these parameters from
Table 2.1 are to be used:

Hiong = CSie PN (2.17)
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Table 2.1 Source terms S,, Sy, and Se, and corresponding recommended
attenuation lengths, Ay, Ay, and A, for doses on the axis, averaged over a
radius of 15 cm, and for total energy in the energy range from 1 GeV to 1
TeV in the forward direction for dumps and end-stops, respectively.
Conversion factors C from absorbed dose in shielding material to dose

equivalent are given. E, is the beam kinetic energy in GeV. [Adapted from
(S¢90).]

(Sv/Gy) (Gy/electron) (g/cmz) (Gy/electron) (g/cmz) (Gylelectron) (g/cm?)
Water 095 19X10'10E,20 58  1.5X10-11E.20 509 1.2X10°14E,17 75

Concrete 1.2 1.9X109E,18 44 22X10-11E 18 456 9.0X10°14E,1.7 52
Aluminum 1.2 23X109E,17 46 3.4X10-11EL7 463 1.0X10°13E,17 55

Iron 1.3 29X108E,17 30  1.8X10-10E,17 336 1.1X10'12E,16 37
Lead 1.8 19X107E,14 18 4.6X10-10E,14 242 43X10°12E,1-2 25
¢ WETI eV men

Figure 2.4 taken from (Ne68) shows the fraction U/E, of the incident energy which escapes
laterally from an infinitely long cylinder as a function of cylinder radius for showers caused by
electrons of various energies which bombard the front face of the cylinder. On this graph R is in
units of Xp, . The curve has been parameterized as:

U(r)
E

=0.8 exp[-3:45 (r/X )] + 0.2exp[-0.889 (/X )]. (2.18)

o

In Fig. 2.4, the universality of electromagnetic cascade curves is clear. Similar results have been
obtained using EGS4 (Sc90). For large radii, a material dependent phenomenon emerges in
which the photons having the largest mean free paths determined by the photon cross section at the

Compton minimum will dominate the slopes. These slopes, normalized to X, are also shown in
this figure.2

ZIn several publications in which Fig.2.4 has appeared, including the original one, the decimal
points in the "x-axis" coordinates have been nearly invisible.!
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Energy Medium | Reference

e| 100 MeV Pb Nage! (1965)
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9 E © 6 GeVv Pb Volkel (1965)
° 2 o| 187 MeV Cu | Zerby & Moran (1962)
@ -0 4| 950 MeV Cu Zerby & Moran
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S - © o ol 20 GeV Cu Zerby & Moran
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Fig. 2.4 Fraction of total energy, U, deposited beyond a cylindrical radius, R/Xp,, as a function of radius for
showers caused by 0.1 - 20 GeV electrons incident on various materials (Reproduced from (Ne68) and
references cited therein.}
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As was done for the longitudinal situation, EGS4 (Sc90) has been similarly used to give the
maximum energy deposition (and by extension, the maximum absorbed dose and dose equivalent)
as a function of radius R.  Over the energy range 1 GeV < Eg < 1 TeV, there is direct scaling with
energy in the formula for dose equivalent:

where H)y is the maximum dose equivalent laterally (Sv per electron), C is the same as before, Eq
is the electron kinetic energy in GeV, S is the source term from the EGS4 calculations (tabulated
below), R is the lateral dimension of the shield (shield thickness) in cm, p is the density (g cm3),
A1 is the attenuation length (g/cm?), and a is the distance from the axis, in cm, where the dose
equivalent is desired.

Table 2.2 taken from from (Sc90) gives the parameters needed for the above formula and Fig. 2.5
also taken from (Sc90) shows the result of the EGS4 calculations.

Table 2.2 Conversion factors C from absorbed dose in
shielding material to dose equivalent, source terms Sj
for the maximum of the electromagnetic component, and
recommended attenuation lengths %»1 for the energy range
1 GeV to 1 TeV laterally for dumps or end-stops.
[Adapted from (Sc90).]

Material C S1 A1
(Sv/Gy)  (Gy cm? GeV'! per electron) (g/cm?)
Water 0.95 2.5X10-12 26
Concrete 1.2 3.6X10°12 27
Aluminum 1.2 3.4X10°12 29
Iron 1.3 4.7X10-!1 33
Lead 1.8 1.3X10-10 26
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Fig. 2.5 Maximum absorbed dose D in a cylinder vs. radius R: curve 1: cylinder made of concrete of
density 2.4 g/cm3, curve 2: cylinder made of iron of density 7.2 g/cm3. Curves calculated

with EGS4 for electron beams of 1, 10, 100, and 1000 GeV and normalized per GeV become
independent of energy. [Reproduced from (8¢90).]
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III. Hadron Production by the Electromagnetic Cascade.

As we have seen before, neutrons are produced by high energy electrons and photons. These
neutrons must be taken into account to properly shield electron accelerators. The general issues
concerning the shielding of neutrons are addressed in more detail in Chapter 3. K. Tesch has
summarized shielding against these neutrons in his review article (Te88). He has summarized the
feature of the neutron fields with simple analytical relations for cases where "thick” targets are
struck by the electron beam.

For lateral concrete shielding, the dose equivalent per electron after shield thickness, d (g/cm2),
which begins at radius r (m) from an iron target struck by electrons having primary energy E,
(GeV) is

-17
Hdn) = 20X0— o1 (sv). (2.20)

This is valid for Eo > 0.4 GeV and d > 200 g cm2.

The angular variations are not severe because of the nature of the mechanisms by which the
neutrons are produced at electron accelerators (namely, photoneutron production). For other target
materials one can scale this equation as follows.

The neutron production is proportional to the photoproduction cross section, the track length in
cm, and the number of atoms cm-3.  The interaction cross section is generally proportional to the
atomic weight A. The track length is proportional to Xo; the production becomes proportional 1o
the radiation length in g cm-2. Thus one can, for rough estimates of dose equivalent in the

environs of targets of materials other than i iron, obtain results by scaling this value for iron by the
factor f;

f=m. (2.21)

Oiron
For shields comprised of other materials, one can simply adjust the attenuation length (g cm-2) in
the exponent of the above to that appropriate to the material.

(Sc90) gives a somewhat more detailed treatment separately handling the giant resonance neutrons
and high energy particle components of dose equivalent and deriving "source terms" and
appropriate formulas. Fig. 2.6 taken from (Sc90) illustrates the geometry for using the formulas
to be given below: Target

Beam -~
————-4

a’. 7 Shielging /’? e

Fig. 2.6 Target and shielding geometry for the estimation of dose equivalent from bremsstrahlung,
giant resonance neutrons, and high energy particles in the angular range with the beam 8 from

30 to 120 degrees; a is the lateral distance between the target and the shielding and d is the
shielding thickness.
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The formulae given below are held to be valid for I GeV <Ey;<1TeV and for30<6 <120
degrees.

For the giant resonance neutrons;

sin 0 pd
H, E .
=MaSa “( + d) CXD{ A, sin (6)

E is the beam energy (GeV), p is the den51ty cm3), a and d are as shown (cm) in Fig. 2.6, Snis
the source term from Chapter 1 (Svcm 2GeV-1), and A, (ycm ) is the attenuation length
recommended for giant resonance neutrons. Values of Ay are as follows for representative
materials:

where Eg is the energy (GeV), (2.22)

Aq (g/cm?)
water 9 (g/cm?)
concrete 42 "
iron 130 "
lead 235 "

The factor 1y, is a dimensionless factor (N, < 1) which gives an estimate of the efﬁciency for the
production of neutrons by the target. Figure 2.7 taken from (Sc90) can be used to estimate ths
quantity:

T

' | 100 MeV
|

L

IUB 17Mev//<100 | [
- /7(3 |
I/

/.

—“+— =~

02

Fig. 2.7 Relative yield Y of neutrons released by electron beams incident on a lead target at energies E, = 17,
34 and 100 MeV vs. target thickness measured in radiation lengths X,. The curves are qualitatively
similar for the other materials and energies but the initial rise will tend to be steeper, and saturaticn

will be more quickly achieved, for higher E,, or greater Z. [Reproduced from (Sc90) as adapted from
references cited therein.]
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For the high energy particles;

In this case no correction for target thickness is generally employed. The formula for this is
(starting with the De Staebler yield formula, Eq. (1.34)):

H, = 75X 10 13E° (Sin e)zex pd (2.23)
b (1-0.75 cos 0)2A%%\a +d Asin® | - :

In this formula Hy, is the dose equivalent due to these particles (Sv), E is the beam energy (GeV),
A is the atomic weight of the target and Ay (g/cm?) is the attenuation length typical of these
particles. Table 2.3 taken from (Sc90) gives values of Ap for representative materials. (Sc90)
goes further and describes a variety of special cases.

Table 2.3 Attenuation lengths Ap in g/cm? for the high energy
particle component. [Adapted from (Sc90) and references cited

therein.]
Material Energy Limit  Energy Limit  Nuclear Interaction Recommended
>14MeVlior >100MeV Length An [Eq. (2.23))
> 25 MeV2 (g/cm?) (g/em?)
(g/cm?)
Water 84.9 86
Aluminum 106.4 128
Soil (sand) 101...104* 117 99.2 117
102...105* 96

Concrete 101...105* 120 99.9 117
91 105
82...100* 100

Iron 139+ 1319 164

Lead 244* 194 253

* Attenuation lengths for the indicated values are slightly dependent on angle with the higher value

at 6 = 0° and the smaller value in the backward direction for E > 15 MeV.

+Same remark but for E > 25 MeV.
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IV. Theory of Radiation Transport and the Monte Carlo Method

The theoretical material in this section is largely the work of Mr. Keran O'Brien of the University
of Northern Arizona, (OB80). Itis included to show clearly the mathematical basis of the
contents of shielding codes, especially those which use the Monte-Carlo method.

General Considerations

Stray and direct radiations at any location are distributed in particle type, direction, and energy. To
determine the amount of radiation present for radiation protection purposes we must assign a
magnitude to this multidimensional quantity. This is done by forming a double integral over
energy and direction of the product of the flux and an approximate flux-to-dose or flux-to-dose-
equivalent conversion factor, summed over particle type;

Hoxo = D, ¢ a0~ dE fxEQ) HiE) (2.24)

1

(1 =p,n, ettt put heavy nuclei, ...)

where Q is the direction vector of particle travel, x is the coordinate vector of the point in space
where the dose or dose equivalent is to be calculated, E is the particle energy, t is time, and i is the
particle type. (Here we adopt the conventional notation that bold-faced coordinates represent
vector quantities.) H;(E) is the flux-to-dose or flux-to-dose-equivalent conversion factor
expressed as a function of energy and particle type. The inner integral is over all energies while the
outer integral is over all spatial directions which contribute to the radiation field at the location
specified by x. The result of the integration is H, the dose or dose-equivalent rate at location x.
Values of Hj are tabulated in (IC87). The angular flux, fi(x,E,Q,t), the number of particles of type
i per unit area, per unit energy, per unit solid angle, per unit time at location x, with a energy E, at
a time t and traveling in a direction 2 is related to the scalar flux, or flux density by integrating over
direction,

o(x.0) = fﬁ _do fom dE f(x,E.Q.), (2.25)

to the fluence by integrating over the intervening period of time,

0(x) = fﬁ _d0 J;) " dE f dif(xE. 1), (2.26)

and to the energy spectrum at point x at time t by,

0,(x,LE) = ﬁn dQ f(x,E,Q.t). (2.27)
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To determine the proper dimensions and composition of a shield, the amount of radiation
(expressed in terms of the dose or dose equivalent) which penetrates the shield and reaches
locations of interest must be calculated. This quantity must be compared with the maximum
permissible dose equivalent. If the calculated dose or dose equivalent is too large, either the
conditions associated with the source of the radiation (e.g., the amount of beam loss allowed by
the beam control instrumentation, the amount of residual gas in the vacuum system, or the amount
of beam allowed to be accelerated) or the shield dimensions must be changed. It is difficult and
expensive, especially in the case of the larger accelerators, to alter permanent shielding or
operating conditions if the determination of shielding dimensions and composition has not been
done correctly.  The methods for determining these quantities have been investigated by
numerous workers. The next section only summarizes the basics of this important work.

The Boltzmann Equation

The primary tool for determining the amount of radiation reaching a given location is the
Boltzmann equation which, when solved, yields the angular flux: fi(x,E,Q,t); the distribution in
energy and angle for each particle type as a function of position and time. The angular flux is then
converted to dose equivalent by means of Eq. (2.24).

This section describes the theory that yields the distribution of radiation in matter, and discusses
some of the methods for extracting detailed numerical values for elements of this distribution such
as particle flux, or related quantities, such as dose, activation or instrument response. The basis
for this theory is the stationary form of the Boltzmann equation (henceforth, referred to simply as
the Boltzmann equation) which is a statement of all the processes that the corpuscles of various
types that comprise the radiation field can undergo.

The Boltzmann equation is an integrodifferential equation describing the behavior of a dilute
assemblage of corpuscles. It was derived by Ludwig Boltzmann in 1872 to study the propertics of
gases but applies equally to the behavior of those "corpuscles” which comprise ionizing radiat:on.

Boltzmann's equation is a continuity equation of the angular flux, fj(x,E,C,t), in phase space
which is made up of the three space coordinates of Euclidian geometry, the three corresponding
direction cosines and the kinetic energy. The density of radiation in a volume of phase space may
change in five ways:

1. Uniform translation; where the spatial coordinates change, but the energy-angle
coordinates remain unchanged;

2. Collisions; as a result of which the energy-angle coordinates change, but the spatial
coordinates remain unchanged, or the particle may be absorbed and disappear
altogether;

3. Continuous slowing down; in which uniform translation is combined with

continuous energy loss;

4, Decay; where particles are changed through radioactive transmutation into particics
of another kind; and

5. Introduction; involving the direct emission of a particle from a source into the
volume of phase space of interest: electrons or photons from radioactive materials,
neutrons from an o-n emitter, the "appearance of beam particles, or particles
emitted from a collision at another (usually higher) energy.
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Combining these five elements yields
Bifi(x,E,Q,t) = Qi + Yj (2.28)

where the mixed differential and integral operator, Bj, is given by

I
S .

Bi=Qegrad + o; +d; - - (2.29)
J' EdE
Emax ' *

Q= Zfﬁ dnfo dEpo;(Eg—>E, @'—> Q) fi(xe.Q.0; (2.30)

— Jan

)

and

/18]
g = , 2.31)

TicB;
Bij is the Boltzmann operator for particles of type i;

Yi is the number of particles of type i introduced by a source per unit area, time, energy,
and solid angle; '

Gj is the absorption cross section for particles of type i. To be dimensionally correct, this is
actually the macroscopic cross section or linear absorption coefficient i = No as defined in
Chapter 1, Eq. (1.8) ;

dj is the decay probability per unit flight path of radioactive particles (such as muons or
pions) of type i;

Si is the stopping power for charged particles of type i (assumed to be zero for uncharged
particles);

Qjj is the "scattering-down" integral, the production rate of particles of type i with a
direction €, an energy E at a location x, by collisions with nuclei or decay of j-type
particles having a direction Q' at a higher energy Ep;

aij is the doubly-differential inclusive cross section for the production of type-i particles
with energy E and a direction €2 from nuclear collisions or decay of type-j particles with a
direction Epg and a direction Q';
B is the velocity of a particle of type i divided by the speed of light c ;
and Tj is the mean life of a radioactive particle of type i in the rest frame.

This equation is quite difficult to solve in general and special techniques have been devised to yield

useful results. The Monte-Carlo method is the most common application to the field of radiation
shielding.
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The Monte Carlo method-general principles

The Monte Carlo method is based on the use of random sampling to obtain the solution of the
Boltzmann equation. It is one of the most useful methods for evaluating radiation hazards for
realistic geometries which are generally quite complicated to model using analytic techniques. The
calculation proceeds by constructing a series of trajectories, each segment of which is chosen at
random from a distribution of applicable processes.

In the simplest and most widely used form of the Monte Carlo technique, a history is obtained by

calculating travel distances between collisions, then sampling from distributions in energy and
angle made up from the cross sections

;j(Eg = E Q - Q). (2.32)

The result of the interaction may be a number of particles of varying types, energies, and direcrions
each of which will be followed in turn. The results of many histories will be processed, leading,
typically, to some sort of mean and standard deviation.

If p(x)dx is the probability of an occurrence at x + %dx in the interval [a,b], then

X
P(x) = L p(x’dx’ (2.33)

is the probability that the event will occur in the interval [a, x], and is monotonically increasing,/
satisfying P(a) = 0, P(b) = 1. If a random number R is chosen, uniform on the interval [0, 1] from
a computer routine, the equation

R = P(x) (2.34)

amounts to a random choice of the value of x, where the distribution function for the event P(x)
can be inverted, as

x = P-IR) (2.35)

As a simple illustration, to determine when an uncharged particle undergoes a reaction in a one
dimensional system with no decays (d = 0) or competing processes (S = 0), we note from Eq.
(1.6) and Eq (2.29) that the particle satisfies

B¢ :{ Qegrad + O’i>¢

which in this simple situation reduces to the following (in view of the comment made above
concerning the nature of ¢;), which is a continuity equation equivalent to Eq. (1.8):

B¢ = dé/dx + Noo =0. (2.36)
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The solution to this equation is the familiar
¢ = gexp(-x/A), (2.37)

where A = 1/No as in Chapter 1. One can replace x/A as r, the number of mean-free-paths the
particle travels in the medium. The differential probability per unit mean-free-path for an
interaction is given by

p(r)=e” (2.38)

1 4

with P(r) = J"dr‘e_') = -¢"| =1-¢e" =R (2.39)
0

[}

Selecting a random number, R, then determines a depth r which has the proper physical
distribution. By taking into account charged-particle slowing down during passage along r, the
correct energy-dependent cross section can be chosen.  Of course, quite analogous methods apply
to other exponential processes such as radioactive decay. In this simple case, it is clear that one
can solve the above for r as a function of R and thus obtain individual values of r from random
numbers. For some process, the inversion that is so simple in the above might not be possible
analytically. In those situations, other techniques exemplified by successive approximation and
"table look-ups” must be employed.

The next sampling process might select which of several physical processes would occur. Another
sampling might choose, for instance, the scattering angle which would then provide a new energy.

The Monte Carlo result is the number of times the event of interest occurred for the random steps
through the relevant processes. As a counting process it has a counting uncertainty and the
variance will tend to decrease as the square root of the run time. Thus high probability processes
can be more accurately estimated than low probability processes such as passage through an
effective shield in which the radiation levels are attenuated over many orders of magnitude.

It is by no means clear that the distributions obtained using the Monte Carlo method will be
normally distributed, so that a statistical test of the adequacy of the mean and standard deviation
may be required.
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Suppose one has a distribution of beam particle particles such as exhibited in the following
figure.

Distribution of
Beam Particles in

A )

Number of Particles

-

|
0 o /2

(radians)

Say p(8) =Acos 8 forO0< 0 <m/2. Then, the fact that the integral of p(6) over the
relevant interval must be unity implies:

b " % T
f p(6) do =1;f Acos 8 do =1=>f Acos 6 do =Asm6]02 =A =L
0 0 0

Then, p(0) =cos 8. The cumulptive probability, P(0), is given by:
e e

P®) = f de'p(®) = f d8' cos 8' =sin O'E = sin 6.
0 0

If R is a random number, then R = P(B) determines a unique value of 0; hence:
0 = sin"1(R)

One can perform a simple Monte Carlo using, for example, 50 random numbers. To do
this one should set up at table such as that given below. One can set up a set of bins of
succesive ranges of 8-values. The second column is a "tally sheet" for collecting "events”
in which a random number R results in a value of 6 within the associated range of 6-
values. Bpjqg is the midpoint of the bin (0.1, 0.3,...). Column 4 is the normalized number
in radians found from:

N = —Number Found in Binin MC  _ Number Found in Bin in MC
(Total Number of MC) (bin width) (50) (0.2 radians)
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8 (radians) R (random #) | TotalR'sin Bin| N (norm. #) c08mig
00-0199 | HH HH1 11 1.1 0.995
0.2-0.399 |+ HH 111 13 1.3 0.955
04-0599 | HH HH1 11 1.1 0.877
0.6 - 0.799 1111 4 0.4 0.765
0.8 - 0.999 Hi1 11 7 0.7 0.621
1.0 - 1.199 1111 4 0.4 0.453
1.2 - 1.399 0.267
1.4 -1.57 0.086

One can calculate exactly the mean value of 8 for the exact distribution:

n?2 w2
fo 6 p(6) d6 fo 8 cosb db

()

2
=—0 = [cose +9 sine]:;/
fo p(6) dé

_ it - _1_
(e)_[o— 1 +7-0]_7_ 1=0.57
Multiplying the frequency of Monte-Carlo events for each eight angular bins from the table
by the midpoint value of the bins, summing over the 8 bins and then dividing by the
number of incident particles (50 in this example), one can determine the average value of 8,
< 0 > calculated by the Monte-Carlo technique:

<0>calc = [(11)(0.1) + (13)(0.3) + (11)(0.5) + (4)(0.7) + (7)(0.9) + (4)(1.1)}/50 = 0.48.
It is easy to see from this simple example that the agreement is quite good in spite of the

rather poor "statistics”. This example also illustrates that the statistical errors are generally
larger for the more rare events here represented by large values of 8 (e.g., 0 > 1 radian).
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Chapter 2 Shielding of Electrons and Photons at Accelerators-
Problems

In the discussion of the longitudinal development of electromagnetic showers, there are two
different formulations (Rossi-Griesen and Bathow, and Van Ginneken). Using Van
Ginneken's scaling method, calculate the value of A, (g/cm?2) for Eg = 1000 MeV, 10

GeV, and 100 GeV for copper and lead. Determine the number of radiation lengths to
which A, | corresponds for each material at each energy.

Compare the results of Van Ginneken for the location of the longitudinal shower maximum
with Bathow's result for copper and lead at the three energies given in problem 1. Is the
agreement better or worse as the energy increases?

A hypothetical electron accelerator operates at either 100 MeV or 10 GeV and delivers a
beam current of 1 pA. Using the results of (Sc90) calculate the dose equivelent rates in
both Sv/sec and rem/h at the end of a 300 cm long aluminum beam stop; averaged over a 15
cm radius. (The beam stop is a cylinder much larger than 15 ¢m in radius.) Then assume
that, in order to save space, a high-Z beam stop is substituted. How long of a high-Z team
stop is needed to achieve the same dose rates? (Assume lead is a suitable high-Z material.)
Why is the length of high-Z shield different for the 2 energies? [In this problem, assume
the results of (Sc90) are valid for energies as low as 0.1 GeV ]

In the accelerator and beam stop of problem 3, if the radius of the beam stop is 30 cm, what
is the maximum dose equivalent rate (Sv/s and rem/h) on the lateral surface (at contact at r =
30 cm) of the beam stop for both energies, 100 MeV and 10 GeV, and both materials?
Again assume approximate validity at 100 MeV of the (S¢90) results.

Calculate the dose equivalent rate outside a 1 meter thick concrete shield surrounding a
radius tunnel (inner radius 1 meter) in which is located a copper target stuck by 1 pA keam
of 100 GeV electrons. The geometry should be assumed to be optimized for producing
giant resonance photoneutrons and the calculations should be performed at 8 = 30), 60 and
900 (Concrete has p = 2.5 g/cm3). Express the result as Sv/sec and rem/h.

This problem gives two elementary examples of Monte Carlo techniques that are almost
“trivial”. In this problem, obtaining random numbers from a standard table or from a Fand
calculator should be helpful.
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Problems

a)

b)

First, use a random number table or random number function on a calculator along with the
facts given about the cumulative probability distribution for exponential attenuation to
demonstrate that, even for a sample size as small as, say, 15, the mean value of paths
traveled is "within expectations" if random numbers are used to select those path lengths
from the cumulative distribution. Do this, for example, by calculating the mean and
standard deviation of your distribution.

An incident beam is subjected to a position measurement in the coordinate x. It is desirable
to "recreate” incident beam particles for a shielding study using Monte-Carlo. The x
distribution as measured is as follows:

| =] o] Lo} ] L] ] W] W —| O] 3

Exooo\lo\mpum.—ox

Determine, crudely, p(x), P(x) and then use 50 random numbers to "create” particles
intended to represent this distribution. Then compare with the original one which was
measured in terms of the average value of X and its standard deviation. Do not take the
time to use interpolated values of x, simply round off to integer valueS of x for this
demonstration.
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